The rotor power losses in magnetic bearings are due to eddy currents, hysteresis, and windage. The influence of air gap magnetic flux density and air gap thickness is not well understood at this time. This paper presents measured results in two magnetic bearing radial configurations with a laminated rotor. The rotor power losses were evaluated by measuring the rundown speed of the rotor, in air, after the rotor was spun up to speeds of approximately 30,000 rpm in atmospheric air. The kinetic energy of the rotor is converted to heat by magnetic and air drag power loss mechanisms during the run down. A method of separating the hysteresis, eddy current and windage losses' is presented. Eddy current effects were found to be the most important loss mechanism in the data analysis. Hysteresis and windage effects did not change much from one configuration to the other. The measured rotor power loss increased significantly as the magnetic. 
INTRODUCTION
The effect of rotor power losses in magnetic bearings are very important for many applications. In some cases, these losses must be minimized to maximize the length of time the rotating machine can operate on a fixed energy or power supply. Examples include aircraft gas turbines, apace devices, or energy storage flywheels.
In other applications, the heating caused by the magnetic bearing must be removed. Excessive heating can be a significant problem in machines as diverse as large compressors, electric motors, textile spindles, and artificial heart pumps.
Power loss studies in magnetic bearings
published in the open literature have been very limited. Matsumura, et al [1988) discussed magnetic bearing losses including a partial Fourier analysis of magnetic flux as seen by the rotor as it passes the poles in the bearing. Higuchi, et al. (1986] where the polar moment of inertia is easily determined from a calculation and N(t) is easily measured from the rundown tests. On the right hand side of this equation, the power loss is written as the sum of the power loss due to hysteresis, Pit , the power loss due to eddy currents, P., and the power loss due to windage, P.
It has been shown in previous work by Kasarda et al. [1996a Kasarda et al. [ ,1996b that the power loss can be written in terms of frequency dependent parameters as
based upon analytical/empirical models. In this formula, the skin effects are neglected [Kasarda, 1996b] . Analytical/empirical modeling results including skin effects for the data presented in this paper are not available at this time.
The test rig has been designed so that the only significant loss mechanisms come from the magnetic bearings: eddy current losses, hysteresis losses, and air drag. The two electric motors drive the rotor up to peak operating speed and then they are shut off. The motor stators have been shown to not have any significant residual magnetic drag during run down [1996b].
The outer diameter of the bearing journals is approximately 89.0 mm (3.5 in) and the test rig is designed to operate up to 50,000 rpm resulting in a DPI of 4.5x10 6 mm-rpm. However, the yield strength of the current silicon iron bearing limits .10 N-s2-mm (7.02x10-2 1bf-s2-in) and for the second rotor .72=8.16 N-s2-mm (7.08x104 lbf-s2-in). The difference is primarily due to the addition of a small collar in Rotor R2 to prevent the laminations from separating. The relative permeability of the rotor and stator material is estimated at 3,000. Table 1 for both of the bearings.
MEASURED ROTOR POWER LOSSES
The coefficients b" b2 and b2 are given in Table 2 for the data in Fig. 3 Table 2 and the specific loss values for each component are given in Table 3 at 28,000 rpm. The windage coefficients are nearly the same for the two bearings when the bias flux density is the same. There is a difference in the bias flux density of 0.6 T for the small gap configuration which is not well explained at this time.
STATIC MAGNETIC FLUX DENSITY MEASUREMENTS
The static magnetic flux density was measured in the air gaps for all cases to serve as an independent check on the magnetic flux density in the air gaps. A Hall probe of thickness 0.254 mm (0.010 in) was inserted into each of the eight air gaps in the bearing and the measured flux noted and found to be nearly constant in the air gap. The shaft was not rotating during the measurements.
Example measured static values are given in Table 4 for a nominal bias flux density of 0.6 T. The bias current in the bearing coils corresponding to the data in Table  4 The effect of the air gap thickness on the eddy power loss is not directly predicted by the above formula at all. The nominal air gap flux density is the same in both measurements so it is likely that the value of B. is not radically different. Thus, the Only parameter in the power loss formula which is expected to change significantly between the two cases is ileff • It Is difficult to predict this effect without full numerical modeling such as finite elements. An alternative formula will have to be developed if it is desired to have a simple eddy current power loss formula.
A two dimensional finite element model of the bearing was developed for the eddy current losses. The details of the finite element model are given in Rockwell et al (1997) . Figure 4 shows the comparison for the air gap thickness of 0.76 mm while Fig. 5 shows the results for the air gap thickness of 0.38. The rotor eddy current power losses are accurately modeled for a wide range of speed for three flux levels and two air gap thicknesses.
The hysteresis coefficients given in Table  2 and the power losses indicated in Table  3 show that the power loss increases with bias flux but does not change with air gap when the bias flux is the same.
Trends in the windage loss terms are not completely consistent. The windage power losses should be independent of the bias flux but the method employed in this paper does not produce this effect. More work needs to be done in this area and will be reported in future work.
CONCLUSIONS
Magnetic bearing rotor power loss variations with speed, bias flux density and air gap thickness were studied. The variation of rotor power loss vs. speed was evaluated for two different bearings. In each case, the total power loss varied approximately with co2 over the entire operating range tested.
A power loss model including hysteresis, eddy current and windage losses was applied to the data. Examples of power loss estimates were obtained for the two bearings at 28,000 rpm as illustrations of the values of hysteresis, eddy current, and windage losses. Eddy current effects were found to be the largest loss component. The power loss model fits the data reasonably well, except for the windage loss in Rotor No. 2 for a flux level of 0.6 T. A more detailed analysis of these and other test results using statistical modeling is in progress. It will be reported in future work. As a general rule, the overall power increases significantly when the bias flux density increases. This is primarily due to the strong role of eddy current effects at high rotational speeds. The air gap effect is significant. A reduction in air gap by a factor of 2 yields a significant increase in power loss, nearly by a factor of 2, as seen in Table 1 . Again, this increase in the power loss is primarily due to higher eddy current losses.
Simple eddy current models predict the bias flux squared effect on eddy current losses in magnetic bearings but do not predict the effect of the air gap. A finite element model correlated well with the experimentally measured eddy current power loss. 
